Ostreid herpesvirus 1 (OsHV-1) infections have been reported around the world and are associated with high mortalities of the Pacific oyster (Crassostrea gigas). In the summer 2008, abnormal mortality rates ranging from 80% to 100% were reported in France and affected only Pacific oysters. Analyses of oyster samples collected during mortality outbreaks demonstrated a significant detection of OsHV-1 (75% of analysed batches), which appeared stronger than previous years. DNA sequencing based on C and IA regions was carried out on 28 batches of OsHV-1 infected Pacific oysters collected in 2008. Polymorphisms were described in both the C and IA regions and characterized a genotype of OsHV-1 not already reported and termed OsHV-1 μVar. A microsatellite zone present in the C region showed several deletions. Additionally, 44 isolates collected in France and in the USA, from 1995 to 2007 were sequenced and compared to the 2008 sequences. The analyses of 76 sequences showed OsHV-1 μVar detection only in 2008 isolates. These data suggest that OsHV-1 μVar can be assumed as an emergent genotype.
Introduction
Since 1993 high mortalities of spat and juveniles of Crassostrea gigas (Thunberg) are regularly observed in batches of Pacific oyster cultured in different French locations occurring each year during summer period in association with a herpes-like virus (Renault et al., 1994; Renault et al., 2000a Renault et al., , 2000b . A similar virus was also reported in the USA during mortality outbreaks (Burge et al. 2006 , Burge et al., 2007 . Despite these findings, the aetiology of summer mortalities seems to be multifactorial, arising as a result of complex interactions between the physiological status of the host, the environment and pathogens such as bacteria of the genus Vibrio and/or a herpes virus (Samain and McCombie, 2008, Sauvage et al., 2009 ). The repeated mortalities associated with herpesviruses in bivalves, particularly in C. gigas, and the economic importance of C. gigas as an aquaculture product lead to sequencing and characterization of the Ostreid herpesvirus 1 (OsHV-1) (Davison et al. 2005) in the Family Herpesviridae. Recently, OsHV-1 was included in the re-classification of the Order Herpesvirales as the lone member of the Family Malacoherpesviridae (Davison et al. 2009 ). Molecular tools based on OsHV-1, including conventional Polymerase Chain Reaction (cPCR), in situ hybridization, and quantitative PCR have been developed to study OsHV-1 infections (Renault and Lipart, 1998; Renault et al., 2000b; Arzul et al., 2002; Lipart and Renault, 2002; Pépin et al., 2008) . These tools allow rapid identification and/or confirmation of OsHV-1 in animals presenting unusual mortalities. cPCR followed by sequencing of PCR products also allowed the description of possible OsHV-1 variants (Arzul et al., 2001a; Friedman et al., 2005; Moss et al., 2007) . A variant, named OsHV-1var (Arzul et al., 2001a) was associated with mortalities of bivalves including Ruditapes phillipinarum (Arzul et al., 2001a) , Crassostrea gigas and Pecten maximus (Arzul et al., 2001b) in French hatcheries. Although the variant genotype presents several modifications in the C region and more importantly, a 2.8 kpb deletion, OsHV-1 and OsHV-1var are considered representative of a single viral species (Arzul et al., 2001a) .
In the summer of 2008, widespread mortalities were reported in French stocks of C. gigas grown in all production areas and killed billions young oysters. Outbreaks were first observed in April/May. Mortality outbreaks were usually sudden and affected principally spat (oysters less than 1-year old) and juveniles (12-18-month-old oysters). Mortality rates of 40 to 100% were experienced. The Pacific oyster appears to be the only shellfish species affected by these mortalities. Samples were collected from all affected locations and tested in order to search pathogens. Different diagnostic tests were carried out and results indicated that (1) there was no officially notifiable pathogen involved, (2) OsHV-1 was detected in most of samples especially in moribund oysters, (3) V splendidus, V. aestuarianus and Vibrio. harveyi were also detected in affected oysters and (4) viral particles looking like herpes viruses were observed by TEM in moribund tested oysters. Among batches affected by mortality and analysed for pathogens detection 75% were positive for OsHV-1. (Anon., 2008; Pernet et al., 2010) . Because of the exceptional mortality level associated with an abnormally high frequency of detection of OsHV-1 in all livestocks, the average detection rate increased by at least 30% according to data monitoring from 1997 -2005 (Celine Garcia, personal communication), a increased need has emerged to better characterize isolates of herpes viruses found in infected batches. Investigations were conducted in order to identify additional factors including emerging strains of known pathogens (i.e. emerging OsHV-1 genotype). The aim of the present study was to determine if OsHV-1 detected in C. gigas during the 2008 abnormal mortalities was similar to the characterized OsHV-1 reference genotype (GenBank accession number AY509253: virus isolate from Pacific oyster larvae in 1995). OsHV-1 detection was performed by PCR (Renault and Arzul, 2001) followed by restriction endonuclease digestion of PCR products and DNA sequencing in order to study virus polymorphism into ORF4 and ORF43.
Material and methods

Sample selection
Twenty-eight batches representing thirty-two isolates of DNA extracted from C. gigas spat or juvenile oysters were selected among the samples collected by the French network for surveillance of mollusc diseases (Repamo, Ifremer) during 2008 mortality events (Table 1) . Batches were selected for analysis based on high mortality rates (>70%) and their geographic origins (Normandy, north Brittany, south Brittany, Vendée, Charente-Maritime, Arcachon and Thau lagoon). Selected batches were also representative of type practices, hatchery produced or wild captured spat oysters. In addition, analyses were also performed retrospectively on archived samples collected between 1995 and 2007 in France and in the USA (Table 2 ). These 44 isolates were selected not because of their locations but because they were associated with mortality events in oysters that occurred before the French mass mortality from 2008. The aim of testing this samples old collection was to look for the potential occurrence of the newly described genotype OsHV-1 µVar herein.
Nucleic acid extraction. Samples from oysters were processed for nucleic acid extraction using the QIAamp DNA Mini Kit (Qiagen) according to the manufacturer's protocol.
PCR conditions
OsHV-1 specific PCR analyses were performed using three primer pairs targeting two different regions of the OsHV-1 genome: IA (ORF43) and C (ORF4). Region IA encodes a putative apoptosis inhibitor (I. Arzul, unpublished data ) and region C encodes two proteins of unknown function (Renault and Arzul, 2001 ). The first primer pair was designed from herpes viral sequences (Davison et al. 2005 ; I. Arzul, unpublished data), IA1/IA2 amplified a 607 bp fragment (Table 3 ). The second primer pair, C2/C6 amplified a 709 bp fragment (Renault and Arzul, 2001) (Table 3 ). The primers were synthesized and supplied by Eurogentec (Belgium). PCR analysis was carried out as prev iously described (Renault and Arzul, 2001 ) Briefly, one round PCR was carried out in a final reaction volume of 50 μl. Each reaction volume contained 2.5 U of Taq Goldstar Polymerase (Eurogentec, Belgium), 10x reaction buffer (Eurogentec, Belgium), 2.5 mM MgCl2, 0.05 mM of each dNTP, 10 µM of each primer. DNA was added under a volume of 1 µl. After heating DNA samples for 2 min at 94°C, 35 cycles were carried out followed by a final elongation step of 5 min at 72°C. Each of the 35 cycles consisted of a DNA melting step at 94°C for 1 min, a primer annealing step for 1 min at 50°C and a primer elongation step at 72°C for 1 min. Negative controls consisted of 1 µl of distilled water. Two nanogram of genomic virus DNA extracted from purified particles (Le Deuff and Renault, 1999) was added as positive control. PCR products was size selected on 1.5% agarose gels, stained with ethidium bromide (5 µl/100ml) and visualized using a 302-nm UV transilluminator.
Restriction fragment length polymorphism (RFLP) analysis
The PCR products were digested with 10 U of restriction endonucleases during 2 hours in a final reaction volume of 20 μl at 37°C with XhoI and StyI on C2-C6 PCR products, at 37°C with MspI and at 60°C with TaqI on IA1-IA2 PCR products. Digested products were size selected on 2% agarose gels. Restriction maps of the reference digested PCR products when the C2/C6 and IA1/IA2 primer sets were used are shown in Table 4 (Arzul et al., 2001a; I. Arzul, unpublished data) . Positive control consisted of purified viral DNA. Negative control was formed by distilled water.
PCR products purification
PCR products were purified using Montage® Centrifugal Filter Devices according to the Millipore Kit. Fresh purified products were analysed on 1.5% agarose gels with DNA ladder corresponding to the expected fragments. The picture of the gel was analysed with Quantity One Software in order to calculate the concentration of samples before sequencing.
Direct nucleotide sequencing
The sequencing reaction was carried out into a 10 µl final volume, containing 1.8 µl of sequencing buffer, 0.4 µl of BigDye® Terminator v3.1 (Applied Biosystems), 1.5 µl of primer Forward or Reverse at 4µM (primers are the same used for the classical one round PCR Table 3 ), fresh purified PCR products and DNAse and RNAse free sterile water qsp to 10µl. The programme consisted in an initial denaturation of 3 minutes at 96°C followed by 35 cycles of 30 s at 96°C, 30s at 50°C and 4 minutes at 60°C. Reactions were performed using 96-well plates. Sequencing reactions were then purified as follows. In each sample, 60 µl of 100% ethanol were added and samples were centrifuged at 3000 x g for 30 minutes. The plate was inverted to remove ethanol. Then, 60 µl 70% ethanol were added, followed by centrifugation of plates at 1650 x g for 10 minutes. The plate was then centrifuged upside down for 30s to remove the ethanol. Finally, samples were dried in a Speed Vac and resuspended with 10 µl formamide. Samples were loaded in ABI PRISM® 3130 XL-Avant Genetic Analyzer, using a 36 cm capillary array and POP 7 polymer.
Sequence alignment
Sequence base pairs were called with Chromas lite 2.01 version software. Multiple alignments were achieved by Bioedit 7.0.9 version software using the algorithm CLUSTAL W. Sequence results were compared to the consensus sequence OsHV-1 available on GENBANK (accession number AY509253). PCR products from all isolates of 2008 and previous years were sequenced twice on order to confirm results. Expected protein sequences were compared by translating the nucleotide sequences to amino acid sequences.
Results
PCR
A preliminary study was performed using PCR primers targeting different regions of the genome as Gp (ORF88), IA (ORF43) and C (ORF4) using four isolates. As a larger percentage of polymorphisms was observed using C (ORF4) and IA (ORF43) than Gp (ORF88), the C and IA regions were chosen for further PCR analyses. Twenty-eight batches of Pacific oysters collected in 2008 representing 6 geographic regions, were analysed by PCR using the primer pairs IA1/IA2 and C2/C6. PCR analysis with the IA1/IA2 and C2/C6 primers resulted in amplicons of expected size for the 28 batches, 607 bp and 709 bp, respectively. After gel analysis no difference was observed between samples and positive controls (Fig. 1) . No PCR product was detected in negative controls.
RFLP analysis
The IA1/IA2 and C2/C6 PCR products were digested using 4 restriction enzymes. IA products digested by TaqI and MspI displayed an equal restriction profiles for the 28 batches compared to the restriction profile of the reference OsHV-1 isolate (Fig. 2) . Similar results were observed for C2/C6 PCR products digested by Xho1 and Sty1 (Fig. 3) . Gel analysis displayed no difference between samples and positive reference controls.
Sequence analysis
The IA1/IA2 and C2/C6 PCR products were sequenced from 32 isolates in 2008. Using the C2/C6 primers, 17 isolates were identical to the OsHV-1 reference isolate, while 15 showed sequence variations. These 15 isolates were identical to each other. Polymorphisms included a single addition, several substitutions and deletions. (Fig. 4) . The main deletion consisted of 12 consecutive nucleic acids in a repeated region of trinucleotides characterized by a "CTA" pattern, followed by one deletion of "one Adenine (A)". This microsatellite present in the reference OsHV-1 isolate is formed of 24 bp. This motif is located in the interval 4487-4510 (nucleotide position in total genome) but also in the interval 178547-178570 because C region is a inverted repeat. The "CTA" pattern is repeated 4 times in these 15 isolates whereas it is repeated 8 times in the reference OsHV-1 isolate (Fig. 4) . Two nonsynonymous substitutions were else reported in the coding zone of the C region. The genotype of OsHV-1 presenting these modifications has been called OsHV-1 µVar in order to differentiate it with already described genotypes OsHV-1 and OsHV-1 var (Fig.4) . Sequences obtained with the primer pair IA1/IA2 further discriminated two groups among the 32 analysed isolates: a first group of 17 isolates were identical to each other and 100% identical to the OsHV-1 reference sequence (data not shown). The second group constituted of 15 isolates presenting differences compared to the OsHV-1 reference isolate. For OsHV-1 µVar sequence, these differences corresponded to the variations of two nucleotides resulting from one deletion of "one Adenine (A)" at position 116 and one substitution of a "Cytosine (C) replaced by a Tyrosine (T)" at position 526 (Fig.5) . Thirty-two nucleotide sequences from the C and the IA regions were obtained on 2008 isolates: 96% homology between the OsHV-1 reference genotype and the OsHV-1 µVar genotype were reported and 99% homology between the OsHV-1 reference genotype and the genotype µVar. 42.8% of 28 analysed batches from 2008 presented the genotype OsHV-1 μVar. In one of the 28 batches, batch 1, both OsHV-1 µVar (isolates 1a, 1b) and OsHV-1 reference genotypes (isolate 1c) were both detected (Table 1) .
In order to determine if the µVar genotype was retrospectively detected in archived samples, 44 isolates from oysters collected in 1995, 2003, 2004, 2005, 2006, or 2007 from France and the USA were analysed with PCR using C2/C6 and sequenced as described above. All sequences obtained were identical to each other and 100% identical to the OsHV-1 reference isolate.
As there was a greater polymorphism in the sequences of OsHV µVar using the C2/C6 primers compared to IA1/IA2, the 44 isolates were only analysed using the C2/C6 primers.
Analysis of amino acid sequences
Sequence results using the primer pair IA1/IA2 showed presence of one synonymous substitution (T to C) in the coding region of ORF43. Alignment between the amino acids from the C2/C6 fragment obtained with an isolate belonging to OsHV-1 µVar group and the reference genotype. ORF 4 showed non-synonymous substitutions. The first substitution induced the modification of a GAU codon (D: aspartic acid) to an AAU codon (N: asparagine). The second substitution induced the modification of a GAA codon (E: glutamic acid) to an AAA codon (K: lysine) (Fig. 6 ). These amino acid modifications were detected only in the OsHV-1 µVar isolates.
Discussion
Massive mortality outbreaks affecting simultaneously all French oyster producing areas of juvenile Pacific oysters were reported in France in 2008 . Although causes of mortalities are currently being investigated, one of the most probable causes was identified as a herpes virus infection.
We described herein polymorphisms among some isolates collected during 2008 mortality outbreaks for both targeted virus genes, ORF4 (C region) and ORF43 (IA region). Indeed, 15 isolates presented variability in both C and IA regions. Moreover, all these 15 isolates were identical to each other for both targeted ORF (ORF4 and ORF43). Namely, the 15 isolates showed two non-synonymous substitutions located in the coding region of the ORF 4. It is unknown if these substitutions determine changes in biological properties or protein conformation. On the contrary, the substitution observed in the coding area of the ORF43 is synonymous. The 15 isolates grouped all together on the basis of sequence data and were interpreted as a genomic variant of OsHV-1, termed OsHV-1 µVar. A genomic variant has already been reported under the name OsHV-1 var (Arzul et al. 2001a ). This variant was characterized by a large deletion around 2.8 kbp in C region.
Genetic polymorphisms in vertebrate herpes viruses may be regarded as markers of geographical origins and/or distinct virus phenotypes (Grose et al., 2004; Bowden et al., 2006; Tornsello et al., 2010) . Although the glycoprotein gB of HHV-7 (Human herpes virus 7) presented a certain degree of polymorphism depending on geographic origins (Franti et al., 1998) , this polymorphism was not related to different virus phenotypes. On the contrary, polymorphism of gB in two other herpes viruses, HCMV (human cytomegalovirus) and HHV-6 (human herpesvirus 6), induce amino acid changes which result in distinct virus phenotypes (Chou and Marousek, 1992) . Based on the samples analysed herein, there were no geographical patterns in detection of OsHV-1 µVar. Both genotypes (reference and µVar) were detected in all the areas where samples have been collected in 2008, from the Mediterranean coast to Normandy. Moreover, a sample collected in China in 2002, presented the main deletion repeated for OsHV-1µVar in the C region. This isolate showed the main deletion consisting of 13 consecutive nucleic acids and all other polymorphisms reported for the µVar genotype except two non-synonymous substitutions in ORF4 and 100% homology with reference genotype in ORF43 (data not shown). Although no relationship was detected between geographical locations and virus genotypes, OsHV-1 reference genotype was mainly observed in samples collected in May and June 2008 and OsHV-1 µVar genotype in July and August 2008 in France. Both OsHV-1 genotypes (reference and µVar) were detected in association with mortality outbreaks reported in France in 2008. Recently experimental transmission challenges showed that OsHV-1 µVar induced up to 100% mortality by intra-muscular inoculation in Pacific oyster spat (J-F. Pépin., personal communication.) . These results raised the question about the virulence of OsHV-1 µVar. However, more work is needed to fully investigate possible infectivity and virulence differences between the OsHV-1 reference genotype and the OsHV-1 µVar genotype. Otherwise, the data collected in France in 2009 during mortality outbreaks on Pacific oyster spat displayed only the genotype OsHV-1 µVar when OsHV-1 detection was associated with mortality events (OIE, 2009; Repamo, 2009 ).
The original source of OsHV-1 µVar remains unknown. Maybe unfavorable meteorological conditions of 2008, aquaculture practices, oysters imports from a continent other could have contributed to the emergence of the genotype OsHV-1 µVar and numerous animal transfers between several French geographic regions could have contributed to dissemination of this genotype. A similar phenomenon was reported in koï carp infected with the koi herpes virus (KHV), Aoki.T. et al. (2007) hypothesized that intensive culture of common carp and koi carp, combined with large-scale movements of live fish, may have favored transmission of genetically deficient KHV strains of enhanced virulence.
For 15 isolates analysed, C2/C6 sequences present a deletion in a zone, presenting the characteristics of a microsatellite area. Microsatellites are short tandem repeats of 1 to 6 nucleotide motives and are highly polymorphic. As they are often highly variable, microsatellites are extensively used for the construction of linkage maps. This area is defined by 8 repeats of 3 nucleotides "CTA" in the OsHV-1 reference genotype (24 bp) and only 4 repeats in the OsHV-1 μVar genotype either 12 bp, polymorphisms. That is the first report of a microsatellite polymorphism in OsHV-1. Microsatellites have already been reported in vertebrate herpes virus genomes and have been used to characterize different strains, especially in herpes cytomegalovirus (HCMC) (Davis et al., 1999; Walker et al., 2001; Picone et al., 2005) and more recently in HSV-1 (Deback et al., 2009 ).
Based on the polymorphisms observed in C region of the genome, namely a deletion in a particular microsatellite domain, we developed a PCR assay to distinguish both genotypes, OsHV-1 reference genotype and OsHV-1 µVar genotype (data not shown).
Moreover, the detection of the two genotypes in some samples collected in 2008 let to suspect the presence of both genotypes in one individual. A study using the cloning technique has been carried out to investigate this aspect but has been inconclusive (data not shown). The complete sequencing of OsHV-1 µVar would be useful to explore polymorphisms in other regions of the virus. The Gp region, which encodes glycoproteins which is involved in recognition and attachment of the virus to the host cell membrane, may be subjected to many variations (Ericksson et al., 2004) .
Conclusion
This article described the presence of a genotype of OsHV-1, termed OsHV-1 µVar, detected in France in 2008 infecting C. gigas. The polymorphism reported in a microsatellite area in OsHV-1 µVar may be suitable for many applications including strain differentiation and phylogeny studies (Goldstein et al., 1999) . Two Ostreid herpesvirus 1 genotypes were previously characterized: the OsHV-1 reference genotype and the OsHV-1var genotype. Our work revealed the emergence of a third genotype, OsHV-1 μVar, associated with abnormal mortalities of C. gigas in France. This genotype was identified at least in 40% of collected spat batches in 2008 and in 100% of 
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